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An investigation of the dental bioactive proanthocyanidin (PAC) oligomer fractions led to three 
structurally distinct new PACs (1–3) from pine bark. Pinutwindoublin (1) is the first reported trimer 
with double A-type interflavanyl linkages (2α→O→5,4α→6 and 2α→O→7,4α→8). Pinuspirotetrin (2) 
represents the first reported PAC tetramer with a heterodimeric framework consisting of one spiro-
type and one A-type dimer. Pinumassohexin (3) was elucidated as a mixed A + B-type hexamer that 
consists of a peanut-derived tetramer, peanut procyanidin E, and an A-type dimer (5). 
Compound 3 increased the modulus of elasticity of dentin by an impressive 4.3 times at a 
concentration of 0.65%. 
The bark of the pine species Pinus massoniana is a rich source of proanthocyanidins (PACs), a 
phylogenetically ancient group of polyphenols that occur ubiquitously in vascular plants. Accordingly, 
PACs inevitably impact human life via nutrition and medicine. Representing a group of vast structural 
diversity, PACs exhibit a broad spectrum of bioactivities.(1−7) Specific to pine bark, a series of tri- and 
tetrameric PACs has the demonstrated capability of enhancing the biomechanical properties of dentin 
and instilling resistance to proteolytic dentin degradation.(6,7) Continuing these interdisciplinary 
efforts at the interface of natural products chemistry and dentistry, the exploration of structurally 
unique compounds from bioactive PAC oligomer fractions has led to three structurally distinctive new 
PACs (1–3) (Figure 1). 
 
Figure 1. Novel structures of 1–3 with color-coded constituent catechin monomers compared with the known 
dimers, 4–7. 
 
Pinutwindoublin (1) is the first A-type-only trimer linked with (2α→O→5,4α→6) and (2α→O→7,4α→8) 
bonds. This unprecedented linkage combination is a plausible reason for the observed atropisomeric 
line-broadening in its nuclear magnetic resonance (NMR) spectra, which otherwise is atypical of A-type 
PACs. Pinuspirotetrin (2) represents the first PAC with a heterodimeric framework consisting of a spiro-
type dimer connected with an A-type dimer. Also characterized in underivatized form and exhibiting 
dentin bioactivity, pinumassohexin (3) was elucidated as a hexameric PAC with mixed A + B-type 
interflavanyl linkages (IFLs), assembled from the known tetramer, peanut procyanidin E,(8) and the 
dimer, epicatechin–(2β→O→7,4β→8)–epicatechin (5),(8,9) via a 4β→6 bond. The structure elucidation 
of 1–3 utilized 1D/2D NMR, electric circular dichroism (ECD), and 13C NMR γ-gauche effects as well as 
phloroglucinolysis, a recently established toolbox for absolute configurational assignments in PACs.(8) 
The molecular formula C45H34O18 of 1 was determined using the 13C NMR carbon counts and the (+)-
HRMS (high-resolution mass spectrometry) (electrospray ionization (ESI)) ion at m/z 863.1823 [M + H]+. 
Two pairs of characteristic AX resonances at δH 3.87 and 4.26 (both d, J = 4.0 Hz) as well as δH 4.22 and 
4.87 (both d, J = 4.3 Hz) revealed the presence of two doubly linked interflavanyl bonds and, in 
connection with the molecular formula, indicated the 2A-type trimeric nature of 1. The NMR data 
(Table S1) showed the characteristic 1H AMX patterns of the three 1,3,4-trisubstituted aromatic B-, E-, 
and H-rings. Additionally, a small J coupling (<1 Hz) between H-2 and H-3 suggested the terminal unit 
to be 2,3-cis-configured (ent)-epicatechin. The IFLs were elucidated via HMBC (heteronuclear multiple 
bond correlation) and NOESY (nuclear Overhauser enhancement spectroscopy) data (Figure S1): The 
presence of 2→O→7/4→8 linkages between units II and III was assigned by the HMBC cross-peaks 
from both II-H-4 (δH 4.87) and III-H-2 (δH 4.96) to III-C-9 (δC 152.4). The NOESY correlations from II-H-8 
to II-H-2′ and II-H-6′ and from I-H-2′ to II-H-4 and III-H-2 indicated that 2→O→5/4→6 bonds connected 
units I and II. This established the 2D structure of 1. 
The absolute configuration of 1 was gleaned from ECD and NOESY data (Figure S1). Because of a high-
amplitude negative Cotton effect (CE) in the diagnostic region 220–240 nm (Figure 2A), the C-4 aryl 
functionalities in both units II and III were determined to be α-configured.(10−12) The absolute 
configurations of C-4 in units I and II were thus assigned as S and R, respectively. (Note the change in 
Cahn–Ingold–Prelog priorities due to different connections causing different stereodescriptors for 
spatially identical configurations at both C-4.)(12) Taking into account the 2,4-cis configuration in A-
type PACs,(13) units I/II and II/III had to be doubly connected via (2α→O→5,4α→6) and 
(2α→O→7,4α→8) IFLs, respectively. A NOESY correlation between II-H-3 and III-H-6 indicated a 3,4-
trans configuration in the F-ring, and thus II-C-3 was S-configured.(11) A comparison of the tendency of 
ECD curves of 1 in the diagnostic region 280–300 nm with those of proanthocyanidin A2 (5)(8) and 
proanthocyanidin A5 (7)(8) revealed that 1 is closely mirror-symmetric to 7 (Figure 2B). Thus the partial 
structures of units II and III in 1 were assigned to be enantiomeric to those in 7. This was consistent 
with the R-configuration of III-C-2 deduced from the negative CE at 280–300 nm(10,11) and the NOESY 
correlation of II-H-4 and III-H-6′ (Figures S7, S7-1, and S7-2). Finally, I-H-3 had to be β-oriented based 
on NOESY correlations between I-H-3 and both III-H-2 and III-H-6′. Accordingly, 1 was assigned as ent-
epicatechin–(2α→O→5,4α→6)–ent-epicatechin–(2α→O→7,4α→8)–epicatechin. 
 
Figure 2. (A) Full ECD spectra of 1, 5, and 7 with (B) expansions for the diagnostic range 260–320 nm. 
 
This renders 1 the first reported double A-type trimer with an unusual combination of 
(2α→O→5,4α→6) and (2α→O→7,4α→8) IFLs. Restricted rotation along the C-4 aryl (sp3–sp2) carbon–
carbon bond is otherwise only typical for B-type PACs, thereby giving rise to atropisomerism and often 
severe NMR line broadening at ambient temperature. In contrast, A-type PACs, with two IFLs, generally 
do not exhibit atropisomerism due to the rigidity of the double linkage.(6,14,15) Improving the 1H NMR 
lineshapes of 1 required acquisition at low temperature (255 K; Figure 3). The unexpected dynamic 
peak broadening of 1 despite its two double linkages indicated that the combination of 
(2α→O→5,4α→6) and (2α→O→7,4α→8) IFLs poses sufficient steric hindrance for restricted rotation 
between rings B and H to generate observable atropisomers, thus leading to NMR line broadening. 
 
Figure 3. 1H NMR spectra of 1 acquired in CD3OD under the following conditions: (A) 298 K at 400 MHz, NS = 64; 
(B) 278 K at 800 MHz, NS = 64; and (C) 255 K at 800 MHz, NS = 128. 
 
PAC tetramer 2 exhibited a molecular ion at m/z 1149.2291 [M + H]+ in the (+)-HRMS (Supporting 
Information), corresponding to a molecular formula C60H44O24, as supported by the 13C NMR data. A 
lower temperature (255 K) was applied during the 1D and 2D NMR experiments to overcome line 
broadening due to atropisomerism (Figure S10).(6,14,16) An analysis of the 1H NMR spectrum showed 
four AMX spin systems, corresponding to four 1,3,4-trisubstituted aromatic rings (B/E/H/K). Three 
singlets at δH 5.90, 5.96, and 6.16 as well as two meta-coupled doublets at δH 6.02 and 6.03 (J = 2.3 Hz) 
showed the presence of aromatic rings J, G, D, and A and further confirmed the tetrameric nature of 2. 
Two sequential spin systems (δH 3.70 and 4.44, both d, J = 3.5 Hz; and δH 5.30, 3.95, and 4.47, each 
brs), which were assigned by the COSY data (Figure 4A), indicated the presence of one double (A-type) 
and one single (B-type) IFL of 2. Units II and IV were identified as (ent)-epicatechin and (ent)-catechin, 
respectively, based on the J2,3 values of ∼0 and 6.3 Hz. 
 
Figure 4. (A) Selected COSY (bold bond) and HMBC and (B) NOESY correlations in 2. 
 
Unusual features involved an oxygenated methine (δH 5.81, s, and δC 88.2) that showed HMBC 
correlations with the carbonyl carbon at δC 177.0 assigned to a γ-lactone unit and a spiro carbon 
resonating at δC 61.4. Both are characteristic of a spiro-biflavanoid similar to larixinol.(17,18) Linkages 
between the four units were further elucidated by HMBC and NOESY data (Figure 4). Units I and II were 
recognized as being connected by double (2→O→7/4→8) IFLs based on the I-H-4/II-H-2 NOESY 
correlation as well as the diagnostic upfield shift of II-C-8 (δC 106.3).(7,19) The presence of a 4→8 
linkage between units II and III was deduced from the cross-peaks between II-H-2 and both III-H-2′ and 
III-H-6′ in the NOESY spectrum. The spiro-biflavanoid arrangement of units III and IV was corroborated 
by the HMBC correlations from III-H-2 to III-C-3, III-C-4, III-C-10, III-C-2′, III-C-6′, and IV-C-8; from IV-H-2 
to IV-C-9; and from IV-H-6 to IV-C-5 and IV-C-7. Thus the 2D structure of 2 had to be the first tetrameric 
spiro-PAC, consisting of one A-type and one spiro-type dimeric unit. An analysis of its ECD spectrum 
showed a high-amplitude positive Cotton effect in the region 220–240 nm (Figure S2), characteristic of 
β-substituted flavan-3-ol moieties,(10−12) confirming the absolute configuration of the spiro center III-
C-3 as being S.(18) The absolute configurations of the C-4 centers in both units I and II were thus 
assigned as R-configured. I-C-2 was S-configured based on the inherent 2,4-cis configuration in A-type 
PACs.(13) A NOESY correlation between I-H-3 and II-H-6 indicated H-3 and H-4 in the C-ring to be trans, 
and thus I-C-3 was R-configured.(11) The upfield shift of II-C-2 (δC 78.7) suggested a 2,4-
trans configuration in the F-ring based on the γ-gauche effect.(20,21) Unit II was therefore epicatechin 
(2R, 3R), which was confirmed by the NOESY correlations between II-H-2/III-H-2′ and III-H-6′. NOESY 
correlations from III-H-2 to IV-H-3, IV-H-2′, and IV-H-6′ assigned III-C-2 as R-configured, which 
determined the terminal unit IV to be catechin (2R, 3S) (Figures S15, S15-1, and S15-2). In conclusion, 
the structure of pinuspirotetrin (2), was assigned unambiguously, as shown. 
The molecular formula C90H68O36 gleaned from (+)-HRMS (ESI) and 13C NMR carbon counts 
identified 3 as a hexamer with 3A + 2B IFLs. The close resemblance of the 1H and 13C NMR resonances 
of units II/IV and III/V as well as their congruence with reported data of the major tetramer from 
peanuts, peanut procyanidin E,(8) suggested this tetramer plus an additional A-type dimer as building 
blocks of 3. Its 1H NMR spectrum revealed three AX-type doublet pairs (δH 4.13 and 4.47, J = 3.4 Hz; 
δH 4.17 and 4.38, J = 3.6 Hz; and δH 4.12 and 4.23, J = 3.6 Hz), which corroborated the presence of three 
doubly linked A-type motifs. Similarly, two B-type single-bond linkages were assigned by the observed 
two sets of three coupled methines resonating as broad singlets at δH 5.27, 4.04, and 4.74 as well as 
δH 5.42, 3.89, and 4.78. All three A-type IFLs were assigned as 2β→O→7/4β→8 via NOESY correlations 
(Figure S22) from H-4 (rings C, I, and O) to H-2 (rings F, L, and R) (Figures S22-1 and S22-2) as well as a 
strongly positive Cotton effect in the region 220–240 nm (Figure S2). The 3-OH functional groups in 
rings C, I, and O had to be trans-oriented relative to H-4 based on the NOESY correlations from H-3 
(rings C, I, and O) to H-6 (rings D, J, and P). The two 4β→6 linkages were deduced from the chemical 
shifts of C-6 (δC 110.5 in the G-ring and δC 111.0 in the M-ring) and ECD evidence. Units II and IV were 
both elucidated as epicatechin by the singlet signals of II-H-2 and IV-H-2 and the upfield shifted C-2 
(δC 78.7 in F-ring and δC 79.9 in the L-ring) to the corresponding carbon in proanthocyanidin A1 (4) 
(δC 81.6).(8) Phloroglucinolysis(8) confirmed the absolute stereochemical assignments. An analysis of 
the reaction products used a combination of chiral-phase high-performance liquid chromatography 
(HPLC) and MS (Figure S24) to verify that 4 and 5 are the basic components of 3. Collectively, this 
assigned the structure of pinumassohexin (3) unambiguously as [PAC 5]–(4β→6)–[PAC 5]–(4β→6)–
[PAC 4]. 
Pinuspirotetrin (2) represents the first heterodimeric framework in any PAC, consisting of a spiro-type 
dimer (2a) and an A-type dimer (5). Scheme 1 shows a plausible biosynthetic pathway 
for 2,(22,23) which rationalizes the spiro dimer 2a as resulting from intermediates (i→ii→2a) via 
oxidative flavanone–flavonol conversion.(23) 
 
Scheme 1. Proposed Biosynthetic Pathway for the Formation of the Spiro Element in PAC Tetramer 2 
 
Whereas all isolates stemmed from a bioactive fraction, only 3 could be evaluated for dentin 
bioactivity due to limited yields. In the same concentration (0.65%), hexamer 3 increased the modulus 
of elasticity of dentin by a remarkable 4.3 times, a value between those of A-type dimers (4–7) and 
those of the most highly potent trimer and tetramers. This further supports the overall hypothesis that 
medium-size (n = 3 and 4) PACs elicit the highest increase in the key mechanical properties of dentin. 
These enhancements to dentin have promising therapeutic applications for the development of novel 
dental biomaterials. A comprehensive structure and bioactivity relationship of PACs will be reported in 
due course. Whereas the structural novelties of 1 and 2 and the unusual size and complexity of 3 did 
not infer bioactivity in the dentin bioassays, they contribute valuable structure–activity relationship 
(SAR) information and expand the 3D chemical diversity space of oligomeric PACs. 
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